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Abstracis
.Separation of the mechanical constraints ssscoiated with eurface

smoothness and surfece orientation greatly facilitates constructicn of
end_npeutrons,
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4 seriss of workers bave pursusd the goal of a feesibls :&ﬂm;?
foeuseing systen (1,2}, oulmi

nating in the im'@mim of a pragiieal
high rescluticn srey telsscope by @im@a@a& and a@aai {Z2,3). Theip
instrument is capable of'l arc second bar resolution (4). In all sush
syetems Lo date, the-goal has bsen resolution. Ths reflscting surfeaces

are orlsnted-for fooussisg end polished for reflsoticn by the éaﬁs ;eerﬁ.@ﬁ
of operations.

In these instruments, x-rays are reflscted from polished surfaces
st small glancing angles of incidence, e.g. 40 arc minutes, from each of
two reflector stages. Use of an even mmber of stages of reflsction allows

#off axis imaging to first order. Because of this geometry, the emount of
polished internal area is roughly 200 times as great as the fromtsl ares
"subtendsd in the incident beam by the reflecting -wtma. For smaller
angles, the internal ares heooma quite large.

For many a.pplicat.ions, gathering area is more important thean
angular resolution. In x-ray istronony, the brightest knowm source (Sco X-1)
presents .. 75 photons/ ani sec at the top of theurbh"h stmosphere, in

* the energy renge 1~10 KeV/photon. In Crux is a roughly comparable sources
The next wesker is the Crsb Nebula, -about-5 photons/ cni sec,, m& ::g ot
others down to 1% oi' Sco X-1. One sould me;e'nsitiﬂtiu far greater them .
presently achieved., Clearly, "-'ffeotiu subtended frontal ares is an important

parameter for these .y-w', because of the severe statisticel uncertainties
sssociated with small total mumbers of douw. photons. This is onpacislb
true when the total number of events is divided into several categories, as

in spectroscopy and polarimetry.
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Twe distinetly different levels of sngulsr rescluticn ers imberesting

for z-ray egtvroncmy. For detailed studies of the few souroes which may have

obeervable extent, for ¢erialn apgli@a%im@ of transnission grating spsolrass:

and for locating m-ray a@%;mas for opticel sorrespondemcs, the highest

sular resolution fessible san bs useful. For x-ray studiss of x=raoy
sourcss, such 28 polarimeiry, spectroscopy based on counter Eﬁg'ﬁuﬁm
or £iliers, sky surveys, and studles of the 'diffuse’ background, & wery
mush orudsr resolution suffices. An angular resclution of \té would allow &
sky with 10° sources to sppear as a fisld of mostly disjoint objects, For
thess disjoint objects, the accuracy oi" sngular position determinetion is
vax;g greatly enhsnced by the high signel to noise ratio possible vith a
large area x-ray colhot;or. For this resson, large area orude focus x-rey
eollectors are also useabls for optical correspondence work.

The acouracy of origntation of reflscting surfaces necessary to
produce a resolution of $° can resdily be obtained by _umét machining.
Partly for this reason, I dgtigziad‘ an x~rey collsctor in which the operstions
of producing the reflecting surfaces and of orienting them are separate. In
this design, the reflsoting surfaces are produced by temsion polishing.

These polished surfades are oriented by simple holders, to form a two ctage" '
orude focussing system with off axis imaging.

Tension polishing mekes use of surface temsion to pull sgooth &
liquid surface. The viscosity of the liquid is allowed to increase slowly
over a time long compered to the lifetime of surfece vaves and the characteristie
time of mechanical disturbsnoes. This results in a surface with a high degres
of local smoothness. I have used epoxy resin and glass for this purpose {5).
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These surfaces wers used %o support vepor deposited £ilms of gold and
niokel, which were sslacied both for esse of deposition and reflsaiion

properiiss. Beflsciivily messurements on the glass supposte

d films bhave
agreed slosely with the reflsectivity of carefully prepared polisbed
surfaces, and with thecretical v@maﬂ?ﬁe spoxy supported films provided
reflagtion. Howe

vey, geomstric problems in the test apperatus bave so far
prevented ascurate measurement of the total reflectivity.(5)
'Figure 1 shows an assembls of pmnﬂ plates, Interplate spacing
is such that the fromfedge of one plate just shadows the beck edge of the
next. A set of such plates ‘forms = module oapable of deflecting sm x~ray
boaé of oross section nearly the seme as the front of the module. Two such
modules can be used in o@ncaﬁ. |
4 ring of module pairs, each pair providing two stages of reflection,
can be used to converge radiation to a fooal. spot cc-pcuhlo in ares £b the
frontal maoranoduh Ringt ofnodulo pairo ‘can bé nested to fill s
frontal disc. Angles are chosen to deflsct the beams from the separate
modules through's common focus. Interplate spacing is chosen tG satisfy the
- "Just shedowing® condition,
Figure 2 is a closeup of part of the rrod' of o;'abdnln_' X=ray collsotor
" with 4 nested rings of modules (6). Note the dependence of interplate spscing
on radial location of each module. The plates are spaced apart by wires.
The accuracy of the spacing zivu- the 1llusion that the wires cen be seen
through the plates. dctually, what is seen is & series of reflections of
“~@¥fferent pleces of different uimﬁ,{_w the ﬁuls. The support frame
snd wire--pmra are alwminum. The plates are ¢1¢n, od mm X 75 mm X 18 mm
approximate nominal dimensions. The wires are anchored &y . room temperature
ouring silicone elsstomer adhesive ( Gemeral Electric bathtub sesl ) for
vibration resistance, This adhesive is usesble after prolonged exposure
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to high vecwum, and doss pob cutge$ rapidly io veocwm after ouve.The gless
pisies are fres 1o expand éiiffemaﬁy from the supports, to prevent plale
werpage. This collsctor hss withstood 35 gravities gms of transverse and

axisl rendom vibration , 50~2,000 cps, for five minutes with mo bresk

Medulss appsar abls to withstend several hundred g.

Tabls I gives some pertinent propsriies of this collector. Ths
sequence of pioturss in figure 3 shows the comvergence to & foous of the
separate beams deflected by the modules:in the nested. rings, at successive
‘planes from near the back of the collsctor to the focal plane. These pistures
vere tsken using s parellel beam of visible light, with the test setup shown
in.figuro 4o Pigure 5 shows the image of a light source about 40 meters from
the collector. The effective area For radiation entering the collector off
axis has been measured for visible 1light.( Fig. 6 ) Off axis properties
for x-rays are acsewhat d:ltt;omt, because of the dependence of reflection
efficiency on both angla of incidence and energy,

The fooussing 1s a geometric property of the system, independent of
wavelength for visible and x-rsy radiation, X-ray tests, wsing a vaowum
system with the source about 40 meters from the sollestor, show fooussing.

The x-ray mtmi_ﬁn.ﬁon' agresd with calculations besed on the visible light
fooussing properties snd the x~ray reflectivity of the surfaces,{

Glancing mcidom fooussing systems in which the mechanical constraints
of surface orientation and surface polishing are satisfied separately sre very
much easier and less expenaive to construct them those which use the same
proocessing for both. This approach mekes feasible the construction of very large
area systems. The performance of this test sollector shows that systems with 0° on?
subtended area can be built. This apsrosch allows & frontel dise S0 be filled with



_ zeflsciing swrfacss with an efficiency grester than 80F, snd an eoverall frontal
wray efficiensy of grester thesn 50%. Orienting the refisoting surfeces in
modulse by direct ma

ning suffices for snguler resolutions { bar resclutien)

of the reflsoting plates sllows falr

of less than 5 arc migutes,. Thﬁ Toinnessa
geometric efficiency down to glancing engles of ahou‘i 1 milliradian. The socurasy
of sllignment of the plates is emhsnced by e slight warp about the long

of the collsctor, imparted by slight radial misallignment of the wire spacers.

The highest energy photon which can be focussed is determined by the
smallest usssble glancing-angle, and the limitstions of divect machining sllow
orientation to reflection ‘shgles amall enough to allow fooussing of 15-20 KeV
phot.om,. It is interesting to note that neutrons msy alsc be fooussed at such
small glancing angles,

For direct gom't.ﬁo ressons, the diemeter of the useful image plane is
about 1/4 to 1/3 of the collsctor diameter, independent of fooal length. The
mmber of resolved elements in the £ie1d of view depends only on the foocal
spot sise. In large systems, the sise of the module cen be chosen to contritate
lsss to the sise of the focal spot than does alligment error. From the
soourscies which were acchieved in this test colleotor by direct machining,
the mumber of resolved elements in the field of view of a large collector oan -
be estimated to be ma‘m- then 1,000 , using thé bar resclution definition,

The effect of statistical signal accuraay on the acourscy with which
the anguler location of & source can be determined is especislly important
in x-ray astronomy, because gf “the availability of direct photon sounting
techniques. ¥ith ~ 30,000 omnu, an isolated source omn be located to ~ 1%
of tis resolution of the xray oollector, or & few arc seconds. With a large
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args, cruds resclution system, instesd of a smell aves, high resoluticn

tslessope, the trade~oif béw@m sensliivity end & ‘;ﬁa{@eﬁ%w,fy és

reserved for the amalytie procedurss, instead of being frosen intc the
haxdware. Also, it hes m; far been wery much sasier to obtain high quanium,
efficisncy in dstectors with fairly crude spsbial r@aelutiqn, suitable for
We with orude collectors, than in the high spatisl resolution detestors

required to exploit the reaoclution of high rosoluﬁ‘un x-rq; fooussing systess
THe very large effective aress feesible with orude collsctors of the type
desoribed 'nakoa a ltatiititohl approach to mguhr-ucuraoy attraoctive,

The sems opmopt of separation of mechanical constraints can also
ised to conical systems for collecting radiation, vhose pwoperties are not
much different from those of a lodulo.r system,

Large ares x-ray coll;ctorl can be used in space for x-ray sstronomy,
and the collsotor shown in figure 2 was constructed for such use. Possible
laboratory applications in imaging and tramsport systems include high energy
Piotoshenistry, Flasma stuliss, Mossbeuer effect and mu mesic stom stulles,
ets,



References and Notes:

1. Reviews by H. Wolter, Ann. Physik 10, 94 (1952); P. Kirkpatrick,
'Grazing-Incidence Telescopic Systems® in H. Pattee et al..
Third International Symposium on X~Ray Optics and X-Ravy
Micro-Analyeis, Academic Press, Inec., New York,'1§64@

2. R. Giacconi and B. ‘Rossi, J. Geophys. Res. 65, 773 (1960).

3. MNASA Contractor Report NASA CR~717, ‘A Laboratory Program to
Develop Improved Grazing Incidence X-~Ray Optics,’ T. Zehn-
pfennig, R. Giacconi, R. Haggerty, W. Reidy, and G. Vaiana.
1967 American Science and Engineering, Inc., report to
Goddard Space Flight Center.

4, R. Giacconi, ‘X-Ray Stars,’ Sci. Amer., Vol. 217, No. 6,

Dec. 1967. .

t

5. In preparation.

6. Construction of this collector funded by NASA Grant NsG-445,
Scope B, and by the Joint Services Electronics Program
(U. S. Army, U. 8. Navy, and U. S. Air Force) under Con-
tract DA-28-043 AMC-00099(E) , with permission.  Commercial
rights reside with Tools for Radiation Research, Inc., a
subsidiary'of Unified Technology, Inc., 555 5th Ave., New
York, N. Y. .Patent pending.

7. I thank P. B. Kantor, of Case Western Reserve University,
I. Beller, M. J. Bernstein, C. Dechert, R. Novick, and
T. Wing of Columbia University for comment and assistance
in design and qonstructicn, and R. Angel, R. Wolff, and
P.  Vanden Bout of Columbia University for assistance in
testing. Photos by Steve Fisher of Columbia University.
A preliminary report of this work was presented at the
April 1966 American Physical Society meeting in Washing-
ton, D. C.



Table 1. Selscted propsriies of zeray scllsstor show
Basg
dismeter
sentral’ opening { for cemers )
fooal length
fooal spot eise

nomingl bar resolution
éunber of resclved elsments in field

of view (nominsl, bar resolution) ~ 50
éffcctiN'ma for'rrm 500 eV 2o 10 om®
( undegraded reflecting . 1000 eV 120 m?
surfaces ) 1,500 eV 70 ‘2 .

geometric area subtended Ly nfhctqu .
in inoident beam . e15




Capbions:
Fig.l Perslisl plate sssembly to deflset #&rw bsam { cne module ).
Fig 2. Clossup of part of fremt of modulsr collector with 4 mested rings

lence of interplste spacin

g on redial locatics

of moduls.

Fig.3, Image for parellel cn-exis beam of visible light; successive frames
show convergencs to foous.

Fig.4. Optical test setup. Rear of collestor is directly visible; fromt is
partly visible in parabolic beam-forming mirror.

n:g.§e Image of nkht source =40 meters from gollsotor, Circlee sre®1.25 ea,
dismeter. ) |

Fig.6, Bffective area for besm entering off-axis, for visible light: Shows
geomstric obscurstion of reflecting surfaces.
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